
THIS REPORT HAS BEEN DELIMITED

AND CLEARED FOR PUBLIC RELEASE

UNDER DOD DIRECTIVE 5200.20 AND

NO RESTRICTIONS ARE IMPOSED UPON

ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APFROVED FOR PUBLIC RELEASEJ

DISTRIBUTION UNLIMITED,



Best
Available

Copy



UINCLASSI FIED

I
:j:01:DOUMETATONCENTER

FOR

!.ENTIFIC AND TECHN4ICAL INFORMATION

CAME400 STATION. AlEXANORIA. VIRGINIA

U N'CLASSIFIED
"Al



NOTICZ: Mhen government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
goverment pcurhent operation, the U. B.
Goverment thereby incurs no responsibility, nor any
obliption vhatsoeverj and the fact that the Govern-
ment my have forwilated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any vay be related
thereto.



0

J. SINGER

CREEP RUPTURE OF DUCTILE MATERIALS
SUBJECTED TO STRAIN HARDENING OR

TIME HARDENING CREEP

,echnicoI Report No I'

J U NPvtpare f-)( the Office of Nova- Research of the U.S. Novy S UD A E
Under Contract Norr 225(1 7)

1 964 Project NR 064 43A NO. 196



>partwnt o, .4eronaut~tcs and Astronautics
Stwiford Unriversity

6-inford, California

RP UJPTURE OF WCTILZ MATERIALS SUBJECTEKD TO

STRAIN HARMDING OR TIM6 HRMING C!EW

by

Josef Singer*
Visiting Associate Professor, Stanford University

SUMAER No.196

June 1964

Reproduction in whole or In part
is p-.raitted for any purpose

of tb,! tt!tcd States Governmnt

Th,. work herc presented was suppiorted by the United States Navy under
contract monr 225(147,) moratorek by t .c Mechanics Branch of the Office

of Naval Research

On 1esve from the Department of Aeronautical Engineering, Technion,
Israel Institute of Technoloy, Haifa, Israel



An analysis of creep rupture of ductile w.terluls subjected to

strain hardtning creep is presented. The analysth is similar to an
earlier one byI Hoff, but to based on a diff*erer~t generalization of

the primary czyep rate relation. Both sipproacheis are tbon extended

to tine hard~ening creep. Simple approximte formulae for critical

time are presented2 mod the results or totb approackets ?or the two

types of creep are compared. Correlation wi tb experimntal data for

some alu;%inn-copper, ailuminum-m~gesit and alum~inum-zinc s~loys

shcws fetirly goKA ugr-ment of rupture tirps for these very ductile
tAterials. However, uttempted correlation with data for otber

materials which du not exhibit such prominent duptilitr indicates

that the basic assumption of the analysis, that creep rupture Is

caused primarily by a process of redu~ctioni of area, holds onl~y for

very ductile ratei'ios.
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NOTATIO

Ao  initial cross sectional a- of pe-i men

b (-p)!p

M constant in primary creep law, Eq. (I), called sometims
"primary creep index"

p constant in primary creep law, Eq.(l)

R 1 + , defined by Eq. (9)
q p-i
S MP

t time

tcr rupture time

t rupture time predicted for strain hardening creepC at with Koff's generalization

t rupture time predicted for strain ardenlng creep with
'TUG the alternative generalization proposed here

rupture time predicted for time bardening creep with
t"" Mat Koff 's generalization

rupture time predi-ted for time. h. rdening creep with
t "G the alternative generalization

Jt

t exrupture time from tests

C at C ERG

7 t H-t/t ENG

5 tC na/tTL.Crnt

Cengineering strain

C nat natural strain f z (l +C)

11 tE / - -CENG /t MENG

constant in primary creep law, Eq.(i)
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-a true stress

itor: applied stress

ou ~ ultmte stresE of the mterial at test temperature
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The creep rupture of a tensile bar of ductile mterial, undergoing

creep deformatic which are. governed elmost entirely by a steady state

creep law, was analyzed by Koff (Rvf.1). A very simple approximte

formAla az obtalned for the critical time, which agreed well vith

experimental data for pure alnina and sow alumimna alloys. Jowever,

nary creep curves, espe-ially at higher stresser ar temperatures, do

not exhibit 1e usual steady phase, but have a longer primary phase

which transform directly int. a tertiary phaze (see for example, Fig.l,

rmplotted ffrm ef.2).

The prwAury phase is uaually eoneidered tc ie governed by a ereep

IftV of the form

I ;.)a ti"/1

wher'e a is the enginering srain, a the applied stress, t the time

1 -i aX. an& p are constants. For variable stress, Sq. (1) has to be

c ..idered as dcfInIn Implic!tly the strain rate as a function of the

stress and the straina, or a a !unctica of the stress and tte tim

(fief.-3). "thln, f.r ftrair. Dardening ereep bebavlor, one obtains

- ~ ' (lp(/ I~c-p (2)

which is esantially the relatLxi proposed u~ch earll,'-'r by Nehai (W.cf4).

For tie herdenirr behavior, which ir sometims observed when

time of exposure has a more pronyinced effect tht.1 the amount o f creep

sgraIn, a paralle1 relation for t.e prIsary creep rate reaults

= 3 p(iL (-4 (5)

-l - /
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RUPIRE TIME FOR STRAIN HARDENING CREEP

For strain hardening creep, Hoff (Ref.5) obtained the creep nipture

time by assuming th'-b Eq. (2) crn b generalled to hold for large

deformations

at (1/p) (CY/X)mp 1-p (4)
nat nat

where a is the true stress and e nat is the natural strain defined by

nat fe l+e) (5)

and

a I-- Cl+e) (6)

a° being the initial applied stress

0o = P/A0  (7)

Hoff obtaired a very simplc approximate formula also for strain harden-

ing creep, which becoms., when p is an integer,

tcr - [p !(pro) p ) (%/o)Ira (8)

Hoff's generalization of the primary creep law, Eq. (4), mans that

the same relation between strain rate, stress and strain is assumed to

hold for the entire strain range from primary creep to rupture, provided

the relation is expressed in natural strain and strain rate and true

stress. Tn the small strain region, the natural strain practically

equals the engineering strains and Eq.(4) reduces to Eq.(2). Hence the

asaumption implies identical constants in both equatiors.

However, since primary creep curves are usually given only fur

small strains, another approach Is possible. Instead of the generali-

zation proposed by Hoff, the observed relation between engineering

strain rate and strain and stress, Eq.(2), is assumed to hold only for

engincering strain rate and strain, but to be valid also in the region

-2-



of large strains. The natural strain rate involved in the calculation

of rupture time has then to be related appropriately to te engineering

strain rate which appears in Eq. (2). It is felt that such an approach

gives one more confidence in the uae of the primary creep consLants

which are obtained from experiments at small strains.

In other words, tue two approaches are two different extrapolations

of Eq. (2) to tbr. region of large strains. The actual applied stress

varies, due to the reduction in area, in the same. manner in both

approacbo., and is represented by Eq.(6). The extrapolationr differ,

howe-zer, with respect to strain and strain rat^.

The analyais is an extension of Hoff's work. As in Refs. 1 and 5,
a constant load tensile test is considered, and the material is assumed

to be incompressible. The symbol R Is also introduced again,

R- I +(9)

Hence

Enat - (10)

and

a- aoR (11)

For strain hardening creep the strain rate is governed by Eq. (2),
c being the cret- strain (the total strain less the initial elastic
and plastic strain). Rupture occurs at large strains, and hence the

natural strain rate is required for calculation of the time to rupture.
Now, Eq.(5) may be rewritten, on account of Eq.(9),

egnat 1 + C R (12)

or

c ent -1R-i (13)

3
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* By differentiating Eq. (5) with respect to time, one obtains

z nat = L(+ Al+ (jk")

Substitution of from Eq.(2), e from Eq.(13) and o from Eq.(il)

into Eq.(14) yields

dc t dt (¢/¢ORA [¢R-1))"P/R] (15)

For convenience let

q- p-1 (16)

and s mp

Separation of variables of Eq. (15) and integration yield the critical

time
(a /a)

tcr. P(i%)f [(R- )q/R dR (17)
1

where qu is the ultimate strees of the material at the test tewperature.

For most materials, p my be approximated by 2 or 3. For these

values the critical time is given by

r2 (AI/)r I1/(2- [1(o/V%)] + [(1s[l(Gato) Hl}
(18)

for q I (p=2)

or

-r 3 0 s/v - 3.(3-sQ) 1-( /O) 1+ 2(- 1 (9<=-(o/ou>O-
for q- 2 (p 3)

I4-
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I For other values of q Eq. (17) can be integrated in a similar manner
to yield similar expressions for ter . Now, since s ir generally

fairly large, (c /a and the corresponding higher powers of*
in Eqs.(18) and (19) my be neglected in cona-11ccn to unity,

even when a is not far from au . Eqs.(18) and (19) my therefore
be simplified to

tcr s -2)(6-i for p= 2 (20)

and

tr = (/ao)8[6/(s-3)(8-2)(s-1 for p 3 (21)

or-50



TUPMRE TIME FOi TIE HARDENING CREEP

The analysis can readily be extended to time hardening creep defined

by the creep law of Eq.(3), by both approaches. First, generalization

of Eq.(3) in the manner proposed by Hoff for strain hardening creep

yields for the natural strain rate

i nat = (1/P)(a/A,)m L(l"P)/P (22)

With the quantities defined by Eqs.(9), (I0), (11) and (16) and do no'r.6

(l- p)/p = b (23)

one can rewrite Eq. (22) as

CIMR /t - (I/p)(tVO/) m t b  (24)

Separstion of variables and integration yields

= (i/m)pIu /O(% )[ - (a0%Iau)] (25)

since

b + 1 1/p (26)

Now, if u > > 0°

- (an/a1 -p(%/u) 1 (27)

provided m is sufficiently large. As p can be taken 2 or 3 for most

materials and m is usua1 ly larger tnan 3, the approximation of Eq. (27)

does, in genernl, not involve large errors. With this approximation

E.. (25) becom-ec

tcr "(l/Y (./0a)s (28)

-6-



Hcwever, it should be noted that the approximation here is inferior to

that employed in the case of strain hardening creep. There, at most

(Co/au)p-'3 was neglected in comparison with unity, whereas in Eq.(27)

p(vo/v..)' is neglected in comparison with unity. Hence the error
implied by q. (28) is p(%!ao)mP'm"3 times as large as that introduced

by the approximation leading to Eqs.(8) or (20) and (21).

In the second approach, Eq. (3) is again assumed to hold for the

engineering strain rate for both small and large strains. With the

quantities derined by Eqs.(9), (10), (11), (16) and (23) and with

Eqs.(3) and (!4), the natural strain rate can be rewritten as

de /dt = (i/pR)(O X)a tb  (29)

nat

Separation of variables and integration yields then, on account of

Eq.(26),

[t( l)pXacr=-'/a)-) (30)

For a > > co , an approximte expression can again be obtained for

the critical time provided z. is sufficiently large,

tcr [I/(. -l)P] (>./0o)" 1

The accuracy of this approximation is, however, even lower than that of

Eq. (28), since here P(ao/vu ) K-l  is neglected in comparison with unity.

The error introduced by Eq. (31) relative to k. (30) is therefore

(qu/o0) times that introduced in Eq.(28).

-7-
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COMPARISON OF 1UJPIPLW TIMES

I It is of interest to compare the rupture times obtained by the

various approaches. If one compares the approximate formulae for ther critical times, vcry simple relations are obtained. However, as the
approximations in these for-ulae are different, the more exact formulae

for the rupture time have to be employed in the comparison for the low

j ;values of m , when the initial applied stress approaches the ultimate

stress and the approximations lose their validity. Only the simple

F approximate relations are given below, buL the results of computations
with the more exact relations ar also shown in Figs. 2 and 3.

-  1If 0 denotes the relation of the rupture time for strain harden-

Ing obtained by Hoff to that obtained by the alternative generalization

- proposed In this paper,

S(s - l) (s - 2)/s 2  for p =2 (32)

and

(1-3 (f- ) (- )/s o fr p - 3 (33)

if the approximate formulae, Eqs.(8) and (20), (21) are compared.

Fig. 2 shows a plot of 0 versus the primary creep index m For

*. :x' two typical initial applied stress to ultimate stress ratios, (oiau)
0.5 and (ao/. u ) = 0.9 , the values of 1 as obtained from a com-

maricor of the more exact Eq.r591 of Ref.5 and Eqs.(18) and (19) are

SLso shown.

If one compares the results of the two approaches for time harden-

ir creep, the approximate formulae tqs. (28) and (31) are reated by

1- y- )im-Jl (34)

S'This ratio is plotted in Fig. 3 for p a 2 and p •3 * The relation

of the more exact formulae Eqs.(25) and (50) is also included for

(01/0u) - 0.5 and (c/) o 0.9

-8-



Figures 2 and 3 show that as the primary creep index m increases,

the difference between the two approaches diminishes both for strain

hardening and time luhrdening creep. For low applind stresses, say,

0o : 0.5 Ou , the noticeable difference btween the two approaches,
predicted by the approximate relations, ia verified by the results

obtained by the more exact relations. When the applied stress approaches

the ultimate stress, for example, when (o W 0.9 au , the difference

practically disappears. This would be expected since the strains at

rupture tend to be small when the applied stress approaches the ultimate.

Similar simple relations can be obtained by comparison of the

approximate rupture time for strain hardening creep with that for time

hardening creep by one of the approaches. For the first approach,

which assumes that the primary creep relations hold for the entire

strain ranae if expressed in natural strain rates and strains, the

rupture time for strain haruening creep divided by that for time harden-

ing creep yields

~ pg/pP(35)

For the second approach, which assumes the primary creep relations to

hold only for engineering straia rates and strains, but to be valid also

in regions of large strains, the rupture time for strain hardening creep

divided by that for time hardening creep yields

-- (m-1)/(2m -1) for p= 2 (06)

aMA

q - 2(m-l) 2/(3m-2)(3m-l) for p x 3 (37)

Nowever, these relations, Eqs.(35), (6) and (37), are again valid only

within the accuracy of the approximations, on account of the considerable

diffetce in the error included hI the approximate formulte.

The comparlson shows that the second approach yields longer crit-

ical times than the first one, in both typc, of creep deformation. Also

time hardening creep will yield longer rupture times than strain

-9-
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hardening creep by both approaches. However, since the anal~vsis is

basically a generalization of empirical prima~ry creep laws, only

correlation. with experimental data can determine the relative i~eXfu1-

ness of the proposed formulae. Thkis is attempted in the next section.

j -10-



COMMLT.ON WITH E"MRI2MAL DATA AMI) DISCJSSION

The results of tests carried out by Robinson, Tietz and Dorn

{ (Ref.2) were coumpred vith the theoretical predictions by the two

approaches for strain hardening and time hardening creep. The test

interlals were a series of high purity binwry alpha solid solutions

in aliminu a. Three groups of aluminum alloys were compared: copper-

alumin un alloyr, magnesium-Luminum alloys and zinc-alud num allcys.

Zacb poup incl udes four alloys with different percentages of alloying

element, and all ests wer at 3000F. In Tables 1, 2 and 3 the pre-

dicted and experimental values of the rupture times are given for dif-

ferent applied stresses. The data for the magnesium-aluuinua alloys

are also plotted in Fig.4.

To obtain a theoretical rupture time, the primary creep cons#.ants

p, w and X have first to be found from the creep curves of ef.2.

The left hand portLcn of the creep curves (for relatively short t.'Les)

have to be used to find these constar.ts, since for longer times the

curves include the effects of the reduction in area. The time index

p is found from Eq. (I) with a and X constant. For the alloys of

Figs. 4-6 of Pef.2, the nearest integer for p is 2 . Now, from

short time stress-strain curves at 3000F, FIgs.15-17 of Bef.2, the

initial strains are found for tLz zainal applied stresses. The total

strain leas the initial strain is the creep strain. The creep ctrains

at particular times are plotted versus the corrected applied stress

on a log-log acale yielding straight l nes whose slope i1 z . The

integer nearest to the average value of a obtained from about 5 or

6 of such isochronous lines L; taken as the ,ppropriate value. X is

then found from Eq, (1) with these p and a from about 10 points and

averaged.

In Tables ', 2 and 3, the rupture time for strain hardening creep

with Hoff's generalization is denoted t. , and that obtained with

the alternmtive gererulization of t2his yaper t, . The rupture

times for time hardening creep are siilarly denoted tT.na and
nat TH. ENG

-1.-



respectively. The more exact formulae, Eqs.(!8), (25) and (30), and an

expression which is equivalent to Eq. (59) of Ref. 5, have been used in

the calculation of the rupture times.

Fairly good agreement is found for mosi. of the tests. Thic rupture

times for time-hardening c:eepwit. toe generalization of the pri.ry

cre.p law proposed in this paper, appear to be closest to the experi-

mental results. Better agreement is fouAnd for the manesium-aluenn.num

and copper-alunmim alloys (except the 0.101% Cu alloy for which the

prediction-, are noticeably too long)than for the zinc-aluminum alloys.

It is i ,teresting to note that the rupture times comput#.2, with the

assumption of strain-hardening creep are rather conservative for all

the test results (except those for two tests Gf 0.101% Cu Al alloy).

It might be added, that if the plastic strain component is taken into

account (aef.6) the predicted rupture time is further shortened. Since

this effect would be mout roticeable at the high applied stresses, where

the predietionc based on time-hardening creep often exceed the experi-

mental rupture times, it would tend to improve the cverall agreement of

the time-hardening theory. It appears, therefore, that for the Intsriale

coapared here, a time-hardening croep law provides a realistic dest:rip-

tion of the rupture behavior.

An extensive literature ser-ch for additional experimental data of

primary creep and rupture for ductile materials revealed a remarkable

scarcity of such data. Most investigators report either details of

primary creep behavior or rupture tim's, but very seldom both. Since

only creep curves which do not exhibit a signsicazi. steady phase are

ruitable for comparison with the preseuL theory, no additional data was

found. However, through the courtesy of the Reear-h Division of High

Duty Alloys Lzd., Slough, England, creep curves for RR 58 and RR 257

aLuainium alloys (which are used in the Anglo-French supersonic transport)

werc obtained with records of rupture times and corresponding total

strains (Rf.?). eome of these curves had no significont secondary

phaac. Correlation was attempted with some of these curves, but the

predicted rupture times greptly exceeded tre experimentel values (tbe

computed values were 50 to 30,000 times th~e experimental ones). As a

i 2



check on the order cf magnitude of the prediction, the rupture times

were computed by the steady creep analysis of Ref.1 (the steady creep

constants were obtained from approximate tangents to the central portion

of the creep curves). However, again the predictions uere many times

too large, though to a lesser extent (6 zo 60 times).

Durirg the literature search some creep curves of suitable form

were enccuntered, for which rupture times rere also reported. However,

they represented materials which exhibited only small amounts of permn-

nent deformation prior to fracture, and hence cannot be adequately des-

cribed by the present theory. For comparison, correlation was attempted

for a typical case of thiz groiip, a 5% molybdenum steel at 1020°F

(.ef.8). The predicted rupture times greatly exceeded the experimental

values (ty 400 to 500,000 times), and a steady creep analysis produced

similar discrepancies (700 to 30W times).

it 'any be pointed out t.at "ductile theory", which assumes rupture

by redtiction ot area, disirees not!ceably with experinents also for

creep with a predominant secondary phase in the case of age-harning

aluminium alloys. For example, for 7075 TC at 375o7 (Rcf. 5) rupture

times 10 to 20 times the experimental c.es are predicted.

Hence it is apparent that theories whi'h are based on the premise

that rupture is caused prinariLy y a necking process are applicable

to very ductile materials only (like tho'." teated in Ref.2 or the 3003

and 5052 aluminium alJ oys tested. in Ref.9). For other materials one ha

tc turn to other theories which try to account for brittle or partly

brittle behavior at rupture (see, for example, Refs.l0, 11 or 12).

It may be observed, tlpzt the difference between the rupture times

obtained from four different creep laws, is insignificant compared to

the dWfference between predicted and experimental values, except for the

very ductile materials of Ref.2. Hence, the marked disagreement between

theory and experiment for th- more commonly used alloys cannot be

attributed to inadequacies in the creep laws, but rather to the character

of the rupture process.

- 13 -
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